Introduction
Members of the protein kinase C (PKC) family constitute the largest group of targets mediating the action of the phorbol ester class of tumour promoters (reviewed in Hug and Sarre, 1993; Nishizuka, 1995; Stable and Parker, 1991) . Various phorbol ester and related promoters, proin¯ammatory agents and irritants are able to mimic the eect of diacylglycerol in vitro and cause activation of PKC (at least the cPKC and nPKC subfamilies; see for example Ryves et al., 1991) . However in vivo, the slow metabolism of these pharmacological PKC activators distinguishes the temporal pattern of responses both by maintaining activation of PKC over prolonged periods and by causing increased proteolysis of PKC and hence its downregulation (Young et al., 1988) . Natural agonists also can induce in speci®c contexts prolonged diacylglycerol production and downregulation of PKC (Kiley et al., 1990; Olivier and Parker, 1994) indicating that the phorbol ester eect is a re¯ection of an established cellular control mechanism, i.e. desensitisation of activated PKC through degradation. This duality of response to phorbol esters and also sustained diacylglycerol, i.e. activation and degradation of PKC, often serves to confound clear interpretation of the cause and eect of long-term responses.
It has become clear recently, that PKC isotypes (speci®cally PKCa and PKCb which have been analysed in detail) are subject to functional control through the phosphorylation of at least three sites (see Parker, 1996, 1997; Keranen et al., 1995) . The evidence to date implies that the accumulation of these phosphates is constitutive and thus the proteins are fully active albeit in a latent, eectordependent state. However, on activation, PKCa is dephosphorylated and inactivated in a desensitisation process that precedes its degradation (Hansra et al., 1996) . It is likely that essentially the same response occurs for PKCb. The dephosphorylation of PKC following activation, like the increased degradation, provides a means of controlling the timing of PKC activation and preventing reactivation prior to a period of recovery. Both types of desensitization thus contribute to the loss of PKC function on chronic exposure to phorbol esters and hence to the dilemma of gain or loss of PKC function in biological responses.
There is no evidence that the key phosphorylation sites in PKCa and PKCb are regulated acutely to control PKC activity. Nevertheless it is possible to manipulate the phosphorylation of these PKC isotypes by expression of a dominant negative form of PKCa that is mutated at threonine 497 and the adjacent threonines 495 and 494 (Cazaubon and Parker, 1993) . The 497 site is the one phosphorylation site that is absolutely essential for PKCa activity on expression in mammalian cells (Cazaubon et al., 1994) . This PKCa(T/A) 3 mutant can thus be used to block PKC function and assess long term responses, clearly distinguishing loss and gain of function.
Here we report the ®nding that on prolonged culture of U937 cells, PKCb 1 becomes dephosphorylated and downregulated, consistent with chronic activation and correlating with increased apoptosis. A similar response is observed in log-phase U937 cells treated with the apoptotic inducer etoposide. The issue of cause and eect in respect of PKC activation and PKC loss of function is addressed through the use of the dominant negative PKCa(T/A) 3 mutant in a more eciently transfected cell-type. It is demonstrated that loss of PKC function can be responsible for triggering an apoptotic response.
Results
To evaluate the role of PKC`desensitization' in cellular responses, we have investigated conditions under which this occurs in the absence of external manipulation. We have noted that following log phase culture of U937 cells, there is a time-dependent dephosphorylation and down-regulation of PKCb 1 (Figure 1 ). This is a typical response compatible with a chronic activation of PKCb 1 , for example the fast-migrating, dephosphorylated PKCb 1 antigen is entirely neutral detergent insoluble (data not shown) as observed for activationinduced dephosphorylated PKCa (see Parker, 1996, 1997) .
The altered PKCb 1 expression correlates with late stationary phase (Figure 1) . Reculture of cells in fresh medium at low density leads to a reaccumulation of PKCb 1 that is also slow migrating (i.e. phosphorylated). However following a further 7 days in culture, there is no further increase in cell number and PKCb 1 is again downregulated and partially dephosphorylated. This eect on PKCb 1 parallels division rate and is not due to conditioning of the culture medium. Thus dilution of a dense culture in conditioned medium supports the reaccumulation of phosphorylated PKCb 1 provided fresh foetal calf serum is added (Figure 2) . Dilution of the culture into fresh or conditioned medium in the absence of foetal calf serum does not lead to the reaccumulation of phosphorylated PKCb 1 .
Investigation into the nature of the`stationary phase' growth arrest by time lapse video microscopy revealed that in fact cells were still dividing in these dense cultures but that cells were also undergoing apoptosis; no equivalent rate of apoptosis was observed in log-phase cells. The dense nature of these cultures has precluded the accurate quantitation of the intermitotic times and rates of apoptosis. In order to demonstrate the continued DNA synthesis in these cultures, cells were pulsed with [ 3 H]thymidine and incorporation measured. As shown in Figure 3 , following 7 days of culture when total cell numbers had ceased to increase, the rate of [ 3 H]thymidine incorporation was maintained. Only by 9 days was there a drop in incorporation/cell. Direct demonstration of apoptosis is provided in Figure 4b ). Comparison of DNA in log-phase cells and dense cultures (day 9) reveals a typical DNA laddering response in the dense cultures. Thus, these dense cultures appear to be dividing and dying maintaining gross cell numbers between days 7 and 9.
The shifts in phosphorylation of PKCb 1 appear to be coincident with apoptosis induction. In view of the controversial relationship between PKC and apoptosis (see Discussion), it was important to establish whether this correlation between the dephosphorylation/downregulation of PKCb 1 and the increase in apoptosis was meaningful. The loss of function consequent to PKCb 1 dephosphorylation and downregulation may be causal of, or simply consequential to an induction of apoptosis or as discussed above, the chronic activation of PKCb 1 that induces such PKCb 1 behaviour may itself be a trigger. The poor eciency of transfection of U937 cells led us to compare the behaviour of a classical PKC (cPKC) in a second more readily manipulated cell-type. As shown in Figure 4 , etoposide induced apoptosis in U937 cells is characterized by a dephosphorylation and downregulation of PKCb 1 that is both dose and time dependent. In COS cells PKCa, the only cPKC expressed, was dephosphorylated and downregulated in response to etoposide, as described above for PKCb, in U937 cells. Con®rmation of apoptosis in etoposide-treated COS cells was obtained through assessment of DNA laddering (Figure 4) .
The similar response to etoposide of U937 cells and COS cells in respect of dephosphorylation and downregulation of PKCa/b indicated that the latter cell type would be suitable to assess the potential role of PKC(a) activation/inactivation in apoptosis. Use was made of the PKCa(T/A) 3 mutant which does not become appropriately phosphorylated in these cells and accumulates as a 76 kDa protein; this mutant also has dominant properties with respect to other cPKCs (Cazaubon and Parker, 1993) . Transfection of COS cells with PKCa(T/A) 3 induced apoptosis as indicated by the accumulation of laddered DNA ( Figure 5 ). The response to PKCa(T/A) 3 was dose dependent with increased DNA laddering being observed from 20 mg to 50 mg of transfected DNA. No equivalent, extensive laddering is observed in vector (50 mg) transfected cells although some laddering is evident in control cells and appears to be a consequence of the transfection process.
The eect of PKCa(T/A) 3 would imply that either (i) loss of endogenous PKCa function due to the dominant properties of the mutant induces apoptosis or (ii) the accumulation of the dephosphorylated PKCa itself is causal. To distinguish these possibilities we determined whether PKCaWT would rescue cells from the PKCa(T/A) 3 -induced apoptosis. Co-transfection of PKCaWT is found to block the apoptotic response (Figure 6b ). Under these conditions there is a greater accumulation of dephosphorylated PKCa due to the co-expressed PKCa(T/A) 3 , however a signi®cant proportion of PKCaWT becomes`fully' phosphorylated, i.e. migrates as an 80 kDa protein (Figure 6a ). Thus it is the presence of phosphorylated, active PKCa that protects from apoptosis. Con®rmation that the DNA laddering observed re¯ects apoptosis is provided by FACS analysis of DNA content (Figure 6c ). It is evident that PKCa(T/A) 3 induces a large increase in the sub-G1 DNA peak consistent with the eect of etoposide. As above, this eect is not reproduced by wtPKCa, but is suppressed by it. The same pattern of behaviour is observed when analysed by TUNEL (data not shown).
Discussion
It has been shown that in U937 cells a typical dephosphorylation and downregulation correlates with an increase in apoptosis, whether induced pharmacologically by etoposide in log-phase cells or by growth to dense culture conditions. A direct demonstration of cause and eect in U937 cells has proven impossible due to the low eciency of transfection obtained for these cells. However comparison with COS-7 cells has shown that the cPKC expressed in these cells, PKCa, is dephosphorylated and downregulated in response to etoposide as seen for PKCb 1 in U937 cells. This indicates a consistent response of cPKC in the two distinct cell types. As an eciently transfectable cell line, it has been possible to assess the action of the dominant negative mutant of PKCa, PKCa(T/A) 3 . On transfection into COS-7 cells, PKCa(T/A) 3 is found to induce apoptosis as determined by DNA laddering and the accumulation of cells with a sub-G1 content of DNA as judged by FACS. These eects of PKCa(T/ A) 3 can be suppressed by wtPKCa, demonstrating a survival role for PKCa. There is an extensive literature relating to the role of PKC in suppressing or stimulating apoptosis in various cell types (in 1996 see for example references Chmura et al., 1996; Freemerman et al., 1996; Geier et al., 1996; Leszczynski et al., 1996; Pongracz et al., 1996; Romanova et al., 1996; Rusnak and Lazo, 1996; Sakakura et al., 1996; Tchilian et al., 1996; Zong et al., 1996) . In principle, the distinct conclusions as to the positive and negative eects of PKC on apoptosis may re¯ect cell-speci®c dierences. However it is equally plausible that the positive eects observed are due to the activation-induced dephosphorylation and downregulation of PKC, i.e. loss of function. This view would be consistent with the noted eects of PKC inhibitors', which in many cases will induce an apoptotic response. However, the use of these kinase inhibitors to assess function, while providing a consistent view of apoptosis induction, is not a sucient criterion for proof given their lack of speci®city (Beltman et al., 1996) . Similarly, it has been reported that PKCd is proteolytically activated by an ICE-related protease during apoptosis in U937 cells (Emoto et al., 1996) . While this may be found to play a functional role in the implementation of the apoptotic response there is no indication that this is in any way causative for commitment ± indeed it is unlikely, given the need for an active ICE-related activity. On balance the weight of evidence favours a role for`PKC' in survival, however selective manipulation of`PKC' has not provided direct evidence for its involvement. The use of a dominant negative PKC provides a means of manipulating PKC function in a speci®c fashion. It has been shown previously that PKCa(T/A) 3 is able to block the phosphorylation of co-expressed PKCb, i.e. it has dominant properties (Cazaubon and Parker, 1993 ). Subsequently we have found that the PKCa(T/A) 3 mutant has pleiotropic eects with respect to the entire PKC family (P Garcia-Paramio and PJP unpublished). This implies that the apoptotic response observed on expression of this dominant PKCa mutant may re¯ect the loss of function of one or more PKC gene products that are expressed in COS cells. Thus while the physiological requirement for PKC is demonstrated, the speci®c PKC(s) required cannot be de®ned. Nevertheless, the observed rescue by wtPKCa indicates that this speci®c PKC when over-expressed is sucient to provide whatever survival signal is required. Although this evidence implies a potential role for PKCa, there is a report that this isotype is speci®cally not involved in apoptosis (Leszczynski and Foegh, 1996) . Thus in vascular smooth muscle cells the depletion of PKCa (55% loss) with antisense leads to a reduced proliferation without inducing apoptosis. While this might imply that in this cell type PKCa is critical for proliferation but not essential for survival, there may also be rather dierent thresholds for the loss of proliferative and induction of apoptotic responses (the 55% loss of PKCa is a modest reduction compared to the functional inactivation induced by PKCa(T/A) 3 ).
It is of particular interest that the apoptosis inducer ceramide can activate protein phosphatase 2A (Dobrowsky et al., 1993) and has been reported to induce the dephosphorylation and inactivation of PKCa (Lee et al., 1996) . While it remains to be established in this context whether inactivation of PKCa is a necessary component of the ceramide induced apoptotic response, the data here suggest that this inactivation may indeed be critical.
It is concluded that the loss of cPKC function correlates with the induction of apoptosis in two distinct cell types. Based upon the experimentally induced suppression of PKC function, this correlation would appear to re¯ect a causative response and not a simple eect. It remains to be detemrined what the proximal PKC signal is that is required to maintain cell viability. Plasmids pKS1, WT Bovine PKCa (Parker et al., 1986) subcloned into the pKS1 (Dekker et al., 1992) and mutant PKCa (T/A) 3 (Cazaubon and Parker, 1993) have been described earlier.
Materials and methods

Materials
Cell culture
U937 promonocytic leukaemia cells were cultered as a suspension in RPMI 1640 medium at 378C in a 5% CO 2 air atmosphere. Cell density of stock cultures were maintained between 0.02 and 1610 6 cells per ml in RPMI supplemented with 5% foetal calf serum (FCS) 1000 units/ml penicillin and 100 mg/ml streptomycin. COS-1 cells were grown at 378C in a 10% CO 2 air-atmosphere in Dulbecco's modi®ed Eagle's medium containing 10% FCS, 1000 units/ ml penicillin and 100 mg/ml streptomycin.
Western blot analysis
U937 or COS-1 cells washed in PBS were lysed in 1 ml of 16Laemmli sample buer per 1610 7 cells, heated at 958C for 5 min, centrifuged at 12 500 g for 5 min and supernatants were collected for sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS ± PAGE). One dimensional SDS ± PAGE was performed on samples using gels containing 7.5% acrylamide and 0.06% bisacrylamide. The gels were transferred onto nitrocellulose, and subjected to immunoblotting using a polyclonal antibody raised against the C-terminus of PKCa (Marais and Parker, 1989) . All reproductions of gels and autoradiographs were obtained as computer-scanned images.
Transfection of COS-1 cells
pKS1, PKCa or PKCa(T/A) 3 DNA was introduced individually or mixed (total of 40 mg or 50 mg) into 0.8 ml of 60 ± 80% con¯uent COS-1 cells (5610 6 cells) by electroporation (0.45 kV for 8 ± 10 msec) using a Biorad Gene Pulser. After 48 h of transient expression, the cells were washed in PBS and prepared for SDS ± PAGE as described above or for DNA analysis. This procedure leads to the transfection of 30 ± 40% of the cell population.
Thymidine incorporation
DNA replication in U937 cells during cell growth was monitored by pulse labelling U937 cells with [methyl- 3 H]thymidine for 60 min at 24 h intervals. Cells were washed in PBS and ®xed with 10% trichloroacetic acid (TCA). The ®xed cells were ®ltered on GFC ®lters and washed with 5% TCA and ethanol. The dried ®lters were placed in scintillation¯uid and counted in a Beckman liquid scintillation counter. Results are expressed as c.p.m. incorporated per 10 4 cells.
Time lapse videomicroscopy
Cells were seeded at an initial density of 2610 4 per ml in 30 mm tissue culture dishes. Cultures were maintained for 8 days before being subjected to time lapse videomicroscopy. Images were recorded every min for 48 h. The apparatus consisted of an Olympus IMT2 microscope enclosed in an environment chamber and cell cultures were maintained at 378C with a humidi®ed atmosphere of 10% CO 2 in air. High resolution monochrome CCD cameras (Sony M370CE) were attached to each microscope. Images were recorded using broadcast quality video recorders (Sony BetacamPVW-2800) driven externally by animation controllers (BAC900 from EOS Electronics AV Ltd, EOS House, Weston Sq, Barry, S Wales). The recordings were downloaded onto SVHS videorecorder (MitsubishiB-82) and the cells that remained within the observed ®eld were monitored for apoptosis.
Detection of apoptosis by DNA fragmentation
Transfected COS cells grown to 80% con¯uence on 5 cm dishes cells were washed three times with PBS and permeabilised in 500 ml of lysis buer (20 mM EDTA, pH 8.0, 5 mM Tris HCl pH 8.0 and 0.5% Triton X-100) for 10 min. The lysate was collected in an eppendorf tube and DNase free RNAase (10 mg per ml) added and incubated for 10 min at 378C. Proteinase K was added (0.3 mg per ml) and incubated for 2 h at 558C. DNA was extracted in phenol chloroform as previously described and precipitated with 100% ethanol 2 mM MgSO 4 at 7208C washed with 70% ethanol and dissolved in 20 mM Tris pH 7.5, 1 mM EDTA. Equal volumes were subjected to electrophoresis on a 1.8% agarose gel and stained with ethidium bromide.
DNA fragmentation was similarly detected in U937 or COS-1 cells following exposure to etoposide (0.2 ± 1.0 mM) (prepared in dimethyl suphoxide and further diluted in PBS) for 12 or 24 h as indicated in the text or ®gure legends.
The fragmentation of DNA was also determined by FACS (Gong et al., 1994; Nicoletti et al., 1991) . Brie¯y, transfected COS-1 cells or etoposide treated cells (1 mg/ml for 24 h) were harvested by collection of both adherent and non-adherent cells, washed with PBS and ®xed in 70% ethanol at 48C. The ®xed cells were then analysed for DNA by FACS.
